Summary -The phytochelatin homologs homo-phytochelatins are heavy metal-binding peptides present in many legumes. To study the biosynthesis of these compounds, we have isolated and functionally expressed a cDNA GmhPCS1 encoding homo-phytochelatin synthase from Glycine max, a plant known to accumulate homo-phytochelatins rather than phytochelatins upon the exposure to heavy metals. The catalytic properties of GmhPCS1 were compared to the phytochelatin synthase AtPCS1 from Arabidopsis thaliana. When assayed only in the presence of glutathione, both enzymes catalyzed phytochelatin formation.
INTRODUCTION
Phytochelatins (PCs) 1 of the general formula [Glu-Cys] n -Gly (n = 2-11) are the principal heavy metal detoxifying compounds in the plant kingdom (1) (2) (3) (4) . These peptides are linear polymers of the γ-glutamyl-cysteinyl (γ-Glu-Cys) portion of glutathione (GSH). Isophytochelatins are isoforms of phytochelatins (2) in which the terminal amino acid consists of serine (5), glutamic acid (6), glutamine (7), or in the case of the homo-phytochelatins, β-alanine (8, 9) . While the enzymology of phytochelatin formation by a constitutive phytochelatin synthase was clarified early on (10) , the gene encoding this enzyme was discovered only recently (11) (12) (13) . Remarkably, phytochelatin synthase activity has been even found to occur in a nematode Caenorhabditis elegans (14) .
Although the biosynthesis of phytochelatins seems to be clear on the enzymological and molecular level, there is little information available on the formation of iso-phytochelatins (2) . Since iso-phytochelatins occur in only those plants that contain glutathione isomers, e.g.
homoglutathione (hGSH) (8) , hydroxymethyl-glutathione (5) or γ-glutamyl-cysteinyl-glutamic acid (6) , it could be supposed that these substances are involved in iso-phytochelatin biosynthesis. Furthermore, it was shown that several leguminaceous plants contain hGSH but not GSH (8, 15, 16, 17) and it could be therefore assumed that hGSH is the substrate for homophytochelatin biosynthesis. However, it has been reported that a crude enzyme preparation from Pisum catalyzes the formation of homo-phytochelatin from homoglutathione in the presence of GSH (9) . In addition, using the same enzyme preparation from Pisum, and in the presence of GSH, the synthesis of (γ-Glu-Cys) n -Ser from the corresponding glutathione isomer containing serine could be observed. This indicated for the first time that Pisum may 7 TTA/G AAA/C/G/T CT/GA/C/G/T GCA/C/G/T ACA/G TC-3', corresponding to the DVARFKY motif. cDNA fragments were amplified by PCR in a GeneAmp PCR 9700 thermal cycler (PE Applied Biosystems) using the following program: 3 min at 94°C, 30
cycles of 94°C, 30 sec; 42°C, 1 min; 72°C, 30 sec; followed by an extension step at 72°C for 10 min. The amplified DNA was resolved by agarose gel electrophoresis (21). DNA was isolated from a band of the expected length (ca. 330 bp) and cloned into pGEM-T Easy (Promega) prior to nucleotide sequence determination. DNA sequencing of partial and fulllength clones on both strands was performed at GATC (Konstanz, Germany) and MWG (Ebersberg, Germany).
Full-Length Cloning of homo-Phytochelatin Synthase from G. max -The full-length
homo-phytochelatin synthase cDNA GmhPCS1 was obtained by screening a G. max λ ZAP cDNA library (Stratagene) using the G. max phytochelatin synthase-like PCR product as a probe. The probe was [α-32 P]-labeled using RadPrime DNA Labeling System (Life Technologies) and phage plaques hybridizing with the labeled probe were identified using autoradiography. The identified cDNA was in vivo excised from the phage in pBluescript phagemid and sequenced.
To express the cDNA in E. coli cells, the ORF was cloned into the pET-14b vector (Novagen), which contains a hexahistidine N-terminal fusion tag. PCR primers were designed to introduce a NotI restriction enzyme site at the start codon (5´-TAT CCA TAT GGC GAC 8 94°C, 30 sec; 55°C, 1 min 30 sec; 72°C, 30 sec; followed by an extension step at 72°C for 10 min. After restriction enzyme digestion of the PCR product and vector, the GmhPCS1 ORF was cloned into pET-14b to give construct pET:GmhPCS1. Cloning was confirmed by sequencing with the T7 primer. Similarly, the Arabidopsis phytochelatin synthase cDNA, AtPCS1, was amplified by PCR using primers containing recognition sites for the restriction endonucleases EcoRI (5´-TAT CGA ATT CAT GGC TAT GGC GAG TTT A-3') and XhoI (5´-TAT CCT CGA GCT AAT AGG CAG GAG CAG C-3'), appropriate for subcloning into pET-28a (Novagen).
Heterologous Expression and Enzyme Purification -The G. max and Arabidopsis phytochelatin synthase clones were expressed in E. coli BL21(DE3) (Novagen). The expression of recombinant proteins was performed according to the manufacturer's instructions. Briefly, bacteria were grown at 37°C to OD 600 0.6 and the expression of recombinant proteins was induced by the addition of IPTG (final IPTG concentrations: 0.4 mM for bacteria transformed with pET:GmhPCS1 and 1 mM for bacteria transformed with pET:AtPCS1). The expression of recombinant proteins was allowed to proceed overnight at 18°C. Bacteria were lysed in buffer containing 50 mM Tris-HCl pH 7.0, 500 mM NaCl, 2.5 mM imidazole, 10 % glycerol, 1 % Tween 20 and 750 µg/ml lysozyme and the recombinant proteins were purified from the bacterial extracts using a cobalt metal affinity resin (Talon, Clontech) as described by the manufacturer. To remove the hexahistidine tag, protein eluting from the Talon column was loaded onto a PD10 column (Amersham Pharmacia Biotech) equilibrated with buffer containing 50 mM Tris-HCl pH 7.0, 150 mM NaCl, 2.5 mM imidazole, 10 % glycerol, 10 mM β-mercaptoethanol, 3 mM CaCl 2 and 5 mM MgCl 2 . The 9 protein was incubated with 20 U of thrombin protease (Amersham Pharmacia Biotech) overnight at 4°C. After digestion, the protein solution was again passed over a Talon column and the flow-through, containing phytochelatin synthase lacking the hexahistidine tag, was collected. The homogeneity of the purified enzymes was confirmed by SDS-PAGE analysis.
Enzyme Assay -The phytochelatin synthase activity was measured as described previously (10) . The standard 125 µl reaction mixture contained 200 mM Tris-HCl pH 8.0, 10 mM β-mercaptoethanol, 0.5 mM CdCl 2 , 10 mM GSH, and 0.1 µg recombinant enzyme.
Homo-phytochelatin synthase activity assays were performed under the same experimental conditions except that 10 mM GSH was replaced by 10 mM hGSH, or by 10 mM hGSH and 0.5 mM GSH in the assay. Optionally, in the experiments where the role of thiols in the phytochelatin synthase assay was studied, β-mercaptoethanol was omitted or replaced by other thiols, and 10 mM GSH was replaced by 10 mM S-methyl-GSH. The influence of pH on enzyme activity was monitored in sodium citrate (pH 4-6), sodium phosphate (pH 6-7), Tris-HCl (pH 7-9) and glycine/NaOH (pH 9-10.5). The assay mixtures were incubated at 35°C for 5 min. Prior to HPLC analysis, samples were acidified by the addition of 125 µl 3.6 N HCl and centrifuged (5 min, 10,000 x g, room temperature). Eurospher-100 C18 with precolumn), optionally with DTNB post-column derivatization as previously described (10) . The HPLC was calibrated using GSH in various concentrations (0.1 to 100 nmol injected). Samples used for mass spectrometric analysis were isolated using HPLC with the DTNB derivatization omitted. The isolated compounds were submitted to mass spectrometric analysis as described previously (15) . (Fig. 2) .
Identification of Thiols and S-Methyl-Thiolate Compounds

RESULTS
Occurrence of Homoglutathione and
Purification of Recombinant Homo-Phytochelatin Synthases -GmhPCS1 and AtPCS1
were cloned in T7 promoter-based expression vectors and expressed in E. coli BL21(DE3).
His-tagged proteins were purified from the crude bacterial extracts using a cobalt-containing resin. PC synthase activity of the individual purification steps was determined by the standard PC synthase assay using GSH as a substrate (Table I ). The protein content during the purification was monitored by SDS-PAGE. Thrombin protease removal of the hexahistidine-tag was a yield-limiting step, however it was included in the protein purification to prevent a possible interaction of histidine with heavy metals in the PC synthase assays. enzyme. Surprisingly, however, when 0.5 mM GSH was added to GmhPCS1 assay mixture containing 10 mM hGSH, where only low hPC synthase activity was observed as given above, the hPC synthase activity increased almost 100-fold (210 pkat·µg -1 enzyme; Fig. 3 ).
While the predominant reaction product of this experiment was hPC 2 (230 nmol·µg -1 enzyme after 25 min), a small amount of PC 2 was simultaneously synthesized under these conditions as well (21 nmol·µg -1 enzyme after 25 min). A similar increase in hPC-synthesizing activity could also be observed with AtPCS1 when 0.5 mM GSH was applied together with 10 mM hGSH in the reaction mixture. The hPC-synthesizing activity of AtPCS1 was determined to be 190 pkat·µg -1 enzyme.
The identity of the reaction product was verified as hPC 2 using MS and MS/MS (Fig.   4A ). The observed result suggested that hGSH acts only as an acceptor molecule for γ-GluCys units being generated from GSH by the homo-phytochelatin synthase. In order to test this hypothesis, hGSH was incubated in a GmhPCS1 assay and S-methyl-GSH was added instead of GSH. S-methyl-GSH has been previously reported to be a substrate for PC synthase (19). Under these conditions, in addition to the expected S-methyl-PC 2 and Smethyl-PC 3 , another new metabolite was synthesized, which by mass spectral analysis was identified as S-methyl-homo-PC 2 ( A comparison of AtPCS1 and GmhPCS1 with regard to their pH optima showed within experimental error that there is no difference between the two enzymes (pH 8.2 ± 0.2).
The temperature optimum is in both cases 35°C. These values correspond with the previously determined parameters for the partially purified native PC synthase from Silene cucubalus (10) (pH optimum 7.9 and temperature optimum 35°C). The K m value for GSH was determined for GmhPCS1 as 15 mM and for AtPCS1 as 11 mM.
Specificity of Metal-Activation of Homo-Phytochelatin Synthase from G. max
and Phytochelatin Synthase from A. thaliana -An absolute heavy metal ion requirement for phytochelatin synthesizing activity has frequently been demonstrated (9, 12, 23 is not a substrate for PC synthase.
Role of Cd·GS 2 in Phytochelatin Synthesis
Catalytic Mechanism of Phytochelatin Synthase -Recently a mechanism was proposed (19) for PC synthase activity that can be represented by the formula:
GSH + metal·GS 2 → metal·PC 2 + GSH + Gly.
This is in contrast to the reaction catalyzed by metal-activated PC synthase as formulated previously (10,24):
According to the latter reaction, apo-PCs are the reaction products that subsequently form a rather stable metal-chelate complex.
There is no doubt that thiols play an essential role in this reaction but not in the manner recently proposed (19). These authors postulated the formation of a glutathione-metal association, such as bis(glutathionato)-metal, which serves as a substrate for PC synthase. To circumvent the formation of Cd·GS 2 , we replaced GSH with 10 mM S-methyl-GSH in all subsequent assays. The metals used in the experiment were Cd 2+ and Zn 2+ (each 0.5 mM).
The assay mixtures were incubated for a short time and the reaction products were determined by HPLC.
We observed that in the absence of any -SH compounds, metal ions could not bring about the synthesis of S-methyl-PCs. Furthermore, the presence of 0.5 mM Cd 2+ led to the complete inhibition of the low synthesis of S-methyl-PCs that was provoked by S-methyl-GSH. The synthesis of S-methyl-PCs could, however, be completely recovered by including GSH, DTT, β-mercaptoethanol, γ-Glu-Cys, L-cysteine, or D-cysteine in the reaction mixture.
An effect of the addition of 10 mM L-cysteine on the enzymatic formation of S-methyl-PCs is shown in Fig. 6 .
The presence of thiols in the assay mixtures was obviously decisive for the reaction to proceed (Table III) . The exchange of thiols by ascorbic acid, NaBH 4 , imidazole, and histidine did not result in the formation of S-methyl-PCs, which excludes a simple reduction of -SH groups of the enzyme. Interestingly, significant differences in the activation of PC synthase (Table III) . The PC synthase activation was significantly higher also in the assay mixtures containing β-mercaptoethanol and Cd 2+ than in the assays containing β-mercaptoethanol and Zn 2+ .
The effect of thiol concentrations on the PC synthase activation was studied in the next experiment. S-methyl-GSH was used as a substrate in the assay mixtures where Cd (Fig. 7) .
Furthermore, significant differences could be observed when the effects of individual thiols were compared at low millimolar concentrations. For example, while high PC synthase activity was observed in an assay mixture containing 0.5 mM Cd 2+ and 2 mM DTT (which contains two -SH groups per mol), the enzyme was not active in assay mixtures containing 0.5 mM Cd 2+ and either 2 mM L-cysteine or 2 mM D-cysteine.
The "thiol saturation" of PC synthase occurred at 5 mM DTT, 10 mM β-mercaptoethanol, and 20 mM L-cysteine or D-cysteine in the assay (Fig. 7 ). An equal transfer of -SCH 3 groups (330 nmol µg -1 enzyme min -1 ) occurred at 1.7 mM DTT, 7.2 mM β-mercaptoethanol, 9.7 mM L-cysteine, or 10.2 mM D-cysteine in the assay.
S-methyl-PCs were the only reaction products of the experiments where the PC synthase activation by various metal-thiolate complexes was studied. The absence of any other reaction products could be confirmed by both HPLC and MS analysis. The metalthiolate complexes that contributed to enzyme activation were obviously not used as substrates for PC synthase but rather to activate the enzyme. A recent model for the mechanism of PC synthesis (19), suggesting that the compound that activates PC synthase such as the metal·GS 2 complex is also the substrate for the enzyme is, in our opinion, not tenable.
DISCUSSION
We report herein a comparison of the molecular characteristics of the recombinant PC synthase from A. thaliana and the recombinant hPC synthase from G. max. Significant differences in PC synthesizing and hPC synthesizing activities of recombinant AtPCS1 and GmhPCS1 were observed. While the PC synthase activity of GmhPCS1 was 1210 pkat/µg enzyme, the hPC synthase activity of this enzyme was only 2.2 pkat/µg enzyme when GSH was replaced by hGSH in the reaction mixture. hPC synthase activity of AtPCS1 was not detectable under such experimental conditions. However, the addition of GSH to hPC synthase assay containing hGSH and Cd 2+ ions resulted in an increase in both GmhPCS1 and AtPCS1 hPC synthase activity. When GSH was replaced by S-methyl-GSH in hPC synthase assay, the formation of a pentapeptide γ-Glu-Cys(SCH 3 )-γ-Glu-Cys-β-Ala was unequivocally determined. The incorporation of γ-Glu-Cys(SCH 3 ) and γ-Glu-Cys-β-Ala (hGSH) into this peptide indicated that both GSH and hGSH are the substrates for the synthesis of hPCs. The mechanism that we propose for the biosynthesis of hPC 2 is thus:
γ-Glu-Cys-Gly + γ-Glu-Cys-β-Ala → γ-Glu-Cys-γ-Glu-Cys-β-Ala + Gly.
An effective synthesis of hPCs in plants would, therefore, depend upon the availability of GSH. However, in several legumes only hGSH, not GSH, was found (8, 15, 16, 17) . The biosynthesis of hPCs and the heavy metal detoxification itself would be severely hindered in these plants because due to the unavailability of the co-substrate GSH.
Two hypotheses could explain metal detoxification in these legumes. 1) Since PCs and hPCs are synthesized in response to physiologically essential elements such as zinc and copper (22), GSH might be synthesized in very low amounts and instantly be used for the formation of hPCs involved in metal homeostasis. The presence of trace amounts of GSH in these legumes would be difficult to demonstrate. The availability of GSH could be the limiting factor for synthesis of hPCs and would consequently also determine the metal tolerance of individual legumes. It was recently reported that a cell suspension culture of a legume plant Vigna angularis is "hypersensitive" towards cadmium ions when compared to a suspension cell culture of tomato (25). While it could be shown that V. angularis synthesized hPCs upon the exposure to Cd 2+ , GSH could not be detected in this plant by standard analytical techniques (15) . This observation suggests that GSH might indeed be the limiting compound for efficient heavy metal tolerance in that system. 2) The hPC-synthesizing activity of GmhPCS1 when only hGSH is available suggests that selected legumes might also be able to synthesize hPCs in the absence of GSH. Although the hPC-synthesizing activity was very low, it might be sufficient for the heavy metal detoxification in vivo.
Based upon these and former results, several conclusions can be made about the synthesis of homo-phytochelatins. It was previously suggested that GSH and PCs are donor compounds that contribute γ-Glu-Cys units during the synthesis of phytochelatins (10) . The results presented herein suggest that GSH is a donor compound also during synthesis of hPCs.
In the synthesis of PCs, the compounds that can accept γ-Glu-Cys units were shown to be GSH, PCs, des-Gly-PCs, γ-Glu-Cys and water (A. Hochberger, and M. H. Zenk, unpublished). By showing that AtPCS1 effectively synthesizes hPCs when both GSH and hGSH are present, it was demonstrated that hGSH is another compound that can be bound at the PC synthase-acceptor domain. It can be concluded that the presence of the substrate (GSH and its isoforms) and not the specificity of the enzyme determines the nature of PCs synthesized in any given plant.
We confirmed that S-methyl-GSH activates PC synthase to a very limited extent. Cd Our results further contrast a recently proposed mechanism for PC synthase (19). We tested this proposed mechanism using S-methyl-GSH as substrate in our experiments.
Effective PC synthesis resulting in S-methyl-PC formation could only be observed in the presence of metal ion and thiol. In addition, regardless of which metal-thiolate was used to activate the enzyme, only S-methyl-PC was formed, suggesting that the thiol that contributes to enzyme activation is not necessarily a substrate for PC synthesis. The previous claim that Cd·GS 2 is a substrate for PC synthase resulted from the observation that PC synthase catalyzed the synthesis of S-methyl-PCs from S-methyl-GSH even in the absence of heavy metal ions in the PC synthase assay (19). However, the results of our work presented herein
show that the metal-free activation of PC synthase by S-methyl-GSH is a buffer-dependent observation and is not true for all reaction conditions.
We conclude, therefore, that PCs are synthesized in a reaction as proposed previously by our group (10):
Our results suggest that the direct products of the PC synthase catalyzed reaction are apo- 
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